Context. Asteroid (16) Psyche is the target of the NASA Psyche mission. It is considered one of the few main-belt bodies that could be an exposed proto-planetary metallic core and that would thus be related to iron meteorites. Such an association is however challenged by both its near-and mid-infrared spectral properties and the reported estimates of its density. Aims. Here, we aim to refine the density of (16) Psyche to set further constraints on its bulk composition and determine its potential meteoritic analog. Methods. We observed (16) Psyche with ESO VLT/SPHERE/ZIMPOL as part of our large program . We used the high angular resolution of these observations to refine Psyche's three-dimensional (3D) shape model and subsequently its density when combined with the most recent mass estimates. In addition, we searched for potential companions around the asteroid. Results. We derived a bulk density of 3.99 ± 0.26 g·cm −3 for Psyche. While such density is incompatible at the 3-sigma level with any iron meteorites (∼7.8 g·cm −3 ), it appears fully consistent with that of stony-iron meteorites such as mesosiderites (density ∼4.25 g·cm −3 ). In addition, we found no satellite in our images and set an upper limit on the diameter of any non-detected satellite of 1460 ± 200 m at 150 km from Psyche (0.2% × R Hill , the Hill radius) and 800 ± 200 m at 2,000 km (3% × R Hill ). Conclusions. Considering that the visible and near-infrared spectral properties of mesosiderites are similar to those of Psyche, there is merit to a long-published initial hypothesis that Psyche could be a plausible candidate parent body for mesosiderites.
Introduction
Asteroid (16) Psyche, the target of the NASA Discovery mission Psyche (Elkins-Tanton et al. 2017) , is one of the very few main-belt asteroids that exhibits a relatively high radar albedo (0.42 ± 0.1, Shepard et al. 2010 Shepard et al. , 2015 and shallow phase-polarization minimum (Dollfus & Geake 1977; Dollfus et al. 1979) , which imply that its surface/subsurface is metal-rich. On such a basis, it has been defined as a metallic world (Elkins-Tanton et al. 2017) and is considered one of the few main-belt bodies that could be an exposed planetary metallic core and that could thus be related to iron meteorites. This association is however challenged by both its near-and mid-infrared spectral properties and its density.
Spectroscopic observations in the near-infrared range have revealed the presence of (i) a weak (∼1%) 0.9 µm absorption band suggesting the presence of orthopyroxene on its surface (e.g., Hardersen et al. 2005; Ockert-Bell et al. 2008; Sanchez et al. 2017) and (ii) a 3 µm absorption feature suggesting the presence of hydrated silicates on its surface (Takir et al. 2017 ). Spectroscopic observations with the Spitzer Space Telescope in the thermal infrared have provided additional evidence for the presence of fine-grained silicates at the surface of Psyche but have also detected the presence of a metallic bedrock (Landsman et al. 2018) consistent with earlier radar observations (Shepard et al. 2010) . Finally, its thermal inertia is among the highest for an asteroid of this size (Matter et al. 2013) . At this stage, one cannot exclude that some of the silicates (especially the hydrated ones) on the surface of the asteroid could have an exogenous origin (Avdellidou et al. 2018) . We note that the presence of exogenous dust has already been reported at the surfaces of a number of large main-belt asteroids, including Vesta (Reddy et al. 2012) and Ceres (Vernazza et al. 2017) .
What is more puzzling at this stage is the reported density for Psyche. Recent estimates of its density all fall in the 3.7-4.7 g/cm 3 range Drummond et al. 2018) . Considering that large mainbelt asteroids with a diameter greater than 200 km tend to have minimal macroporosity (≤10%, Carry 2012; Scheeres et al. 2015) , one may expect this to be the case for Psyche (D∼225km), which would significantly complicate a direct association between this asteroid and iron meteorites.
In the present study, we present high-angularresolution imaging observations of Psyche with ESO VLT/SPHERE/ZIMPOL that were performed as part of our large program (ID 199 .C-0074; PI: P. Vernazza). We use these observations to (i) refine Psyche's 3D shape model, and subsequently its density when combined with the most recent mass estimates, (ii) place for the first time constraints on the surface topography of the northern hemisphere of Psyche, and (iii) search for potential companions. Finally, we discuss what could be the most likely meteorite analog to Psyche.
Based on observations made with 1) ESO Telescopes at the La Silla Paranal Observatory under programs 086.C-0785 (PI Carry) and 199.C-0074 (PI Vernazza); and 2) the W. M. Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California and the National Aeronautics and Space Administration. The Observatory was made possible by the generous financial support of the W. M. Keck Foundation.
Observations and data processing
We observed Psyche with VLT/SPHERE/ZIMPOL (Beuzit et al. 2008; Thalmann et al. 2008) at five different epochs, close to its opposition. Observational circumstances are listed in Table A .1. The data reduction was performed as described in Vernazza et al. (2018) . Finally, the optimal angular resolution of each image was restored with the Mistral algorithm (Fusco et al. 2003; Mugnier et al. 2004) .
Instead of using a stellar point-spread function (PSF) for the deconvolution, we used for the first time a parametric PSF with a Moffat shape (Moffat 1969) . During our large program, deconvolution with the stellar PSF acquired just after the asteroid observation has sometimes led to unsatisfactory results. On some occasions, using stellar PSFs acquired on different nights improved the results.
We therefore tested deconvolution with PSFs modeled by a 2D Moffat function. Whereas the results of this Moffat-PSF deconvolution were similar to those obtained with the stellar PSF, the deconvolution with a Moffat PSF always converged toward satisfactory results (Fetick et al. 2018) . We therefore started systematically using a parametric PSF with a Moffat shape to deconvolve our images. The deconvolved images of asteroid Psyche are shown in Fig. 1 and Fig. A.1 .
Lastly, for each epoch we produced an average image to increase the signal-to-noise ratio (S/N) and to perform a search for satellites (as we did for (41) Daphne, the first binary asteroid studied in our large program; see Carry et al. 2018 ).
Moon search around Psyche
We did not discover any companion around Psyche. As a subsequent step, we estimated the minimum diameter above which a moon would have been detected. Defining a threshold S/N at which the detection occurs is complex because 1) the diffracted light (generating background photon noise) is not symmetric around Psyche, 2) the instrumental speckle noise does not follow a normal law, and 3) the sample size is small (small number of pixels (Moffats-PSF) at any small separation with Psyche), thus preventing a robust statistical analysis.
To place an upper limit on the diameter of a companion, we simulated ten companions on a circle about on Airy disk away from the edge of the asteroid, where the photon noise from the diffracted light reaches its maximum value. The artificial moons were represented by normalized Airy disks multiplied by a constant flux to reach a local S/N of 1-3, and by the typical Strehl ratio of our observations of 0.7. The flux of each moon (F m ) was then adjusted to be at the detection limit in each of our images. As such, a moon detectable around Psyche should have the following minimum diameter (D m ):
where F 16 is the integrated flux of Psyche and D 16 is the surface-equivalent diameter of Psyche on the plane of the sky (that is 170 km). We found that any moon with a diameter D m above 1460 ± 200 m at 150 km from the primary (or 0.2% × R Hill , the Hill radius) would have been detected. and deconvolved with the Mistral algorithm and a parametric PSF with a Moffat shape (2). Second row: Corresponding shape model projections. Third row: Corresponding projections using the shape model of . The arrow shows the direction of the rotation axis. Last row: Images with contrast and size enhanced to highlight the albedo variegation. The two topographic regions that we consider as real features are also indicated.
We also explored more remote orbits typical of large main-belt asteroids (at several primary radii; see Margot et al. 2015) . At 100 pixels (about 2000 km) from Psyche, corresponding to 3% × R Hill where most of the satellites of 100+km asteroids have been found (Margot et al. 2015; Yang et al. 2016) , the images are less affected by the diffracted light and we found that there should be no moon larger than D m = 800 ± 200 m at these distances.
Size, shape and density
Recently, derived a shape model of Psyche using range-Doppler imaging. The S/N of radar echoes was sufficient for identifying two crater-like depressions in the southern hemisphere, but the northern hemisphere remained unobserved and modeled with an ellipsoidal shape. Our SPHERE observations are highly complementary because they covered the northern hemisphere.
We used our All-Data Asteroid Modeling (ADAM) inversion technique (Viikinkoski & Kaasalainen 2014; Viikinkoski et al. 2015; Viikinkoski 2016; Hanuš et al. 2017) to reconstruct the 3D shape model and the spin of Psyche. We utilized all available optical lightcurves (206), stellar occultations (2), and disk-resolved images (38). Our 25 VLT/SPHERE/ZIMPOL images were complemented by 11 Keck/NIRC2 and 2 VLT/NACO imaging epochs Drummond et al. 2018) , out of which 8 were taken under different sub-observer latitudes, complementary to our SPHERE images (Table A.1) .
We also included two multiple-chord stellar occultations ( Fig. A. 2) recorded in 2010 and 2014 (Dunham et al. 2017) . The 2014 occultation proved to be essential to constrain the size of the model along its rotation axis. Finally, we used a dataset of disk-integrated optical data consisting of 209 lightcurves in total: 118 lightcurves from van Houten-Groeneveld & van Houten (1958) , Chang & S. (1963) , Tedesco & Taylor (1985) , Taylor (1977) , Tedesco Table 1 . Physical parameters of Psyche derived in this study compared with previous works. We list the volume-equivalent diameter D, dimensions along the major axes (a, b, c), sidereal rotation period P , pole ecliptic longitude λ and latitude β, mass m, and bulk density ρ. The uncertainties are reported at 1 σ.
195948 (1) The shape reconstruction was made more complex by discernible albedo variegation apparent both in the images and in the lightcurves. To model this phenomenon, we allowed each facet to have different relative brightness scaling parameters (i.e., to represent albedo variegation). Here, the albedo variegation was optimized simultaneously with the shape using both the lightcurves and imaging data, contrarily to who used 114 lightcurves to fit albedo variegation to the fixed shape model. To avoid spurious spotty appearances, we defined a smoothing operator as a regularization term to discourage large deviations between neighboring facets. We chose, rather arbitrarily, ±30% as a reasonable interval for permitted variegation. The albedo distribution on the model is based mainly on lightcurves and is therefore not unique. However, both LSL (Kaasalainen et al. 2001 ) and Hapke (Hapke 1984) scattering laws resulted in almost identical albedo distributions.
We present in Fig. 1 the five SPHERE epochs, together with the corresponding projections of our shape model and of the radar-derived shape model. Our spin solution and volume-equivalent diameter D (226 ± 5 km) agree well with those reported in and in several other studies ( Table 1 ). The mass-deficit region ) is clearly visible in each SPHERE image, but its shape and size differ from the radar estimates. Furthermore, the projected area of Psyche on the plane of the sky is systematically underestimated by the radar model, as suggested by the differences in diameter along the three axes reported in Table 1 . The polar region appears to be more flattened than suggested by the radar model. The albedo distribution (Fig. A.4) however closely matches the one presented by . The 3D shape model is depicted in Fig. A.3 . One should keep in mind that only features visible and consistent in at least two images can be considered as genuine. If a feature is only seen in one image its plausibility depends on how reliable one assumes the post-processing of the image to be.
We then gathered 27 mass estimates and 15 diameter estimates of Psyche from the literature (Tables A.3,A.4), which show significant scatter (Fig. A.5 ,A.6). We therefore evaluated the reliability of each value and estimated a representative value of (24.1 ± 3.2) × 10 18 kg following the procedure developed by Carry et al. (2012) or Vernazza et al. (2018) . We used this value together with our new size estimate to compute Psyche's bulk density of 3.99 ± 0.26 g·cm −3 .
Surface topography
Although our observations covered only the northern hemisphere, they reveal the presence of two peculiar units with low and high brightness (Fig. 1) . We named these two units after the twin witches related to the Metamorphoses, the latin novel of Apuleius in which Psyche is a character. Of the two units, the dark unit Meroe clearly appears as a crater. Using the same approach as the one described in Vernazza et al. (2018), we measured its diameter to be in the 80-100 km range. We subsequently estimated the width and depth of the depression present in the contour of the Panthia unit to be ∼90 km and ∼10 km, respectively. Finally, the brightness profiles suggest that the Panthia unit is about 7% brighter than the surrounding areas, whereas the Meroe unit is 8% fainter.
Meteorite analogue
Whereas the density of Psyche derived in the present work (3.99 ± 0.26 g·cm −3 ) is incompatible at the 3-sigma level with the one of iron meteorites (∼7.8 g·cm Both mesosiderites and the unique Steinbach meteorite consist of a mixture of metal and pyroxene (orthopyroxene in the case of mesosiderites), a similar composition to that inferred for the surface of Psyche. Indeed, Vernazza et al. (2009) originally did not exclude a possible link between Psyche and mesosiderites on the basis of similar visible and near-infrared spectral properties, and recent laboratory measurements and observations (Cloutis et al. 2017; Sanchez et al. 2017 ) reinforce this finding. Hence, there is merit to the initial hypothesis by Davis et al. (1999) , based on numerical simulations, that Psyche could be a plausible candidate parent body for mesosiderites.
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